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We studied mitochondrial divergence in 27 individuals of colubrid snakes of the genus Madagascarophis Mertens
from most of its distribution area in Madagascar. Combined analyses of 16S rRNA and cytochrome b sequences
identiﬁed six major clades which only partly agreed with previously proposed classiﬁcations. Analysis of nuclear DNA
sequences of the c-mos gene as well as of ISSR ﬁngerprints revealed consistent differences only among three clades
which we consider as distinct species: a widespread Madagascarophis colubrinus (Schlegel), with M. citrinus (Boettger)
as a junior synonym, a southern M. meridionalis Domergue, and a presumably undescribed species from the extreme
north of Madagascar. The species M. ocellatus Domergue was not available for our study. Within M. colubrinus there
are two populations from the north-west, each showing two divergent haplotypes with pairwise divergences of up to
5.2% in the cytochrome b gene. Maximum divergence in this gene within M. colubrinus was 7.1%. These high values
emphasise that caution needs to be applied before genetic distance values are used for species delimitation.
Phylogeographically, most of the genetic variation in M. colubrinus is found in northern Madagascar, indicating that
the species might have originated in this region. Later one haplotype clade colonised western and eastern Madagascar,
with a putative secondary introgression into north-western populations.
r 2007 Gesellschaft fu¨r Biologische Systematik. Published by Elsevier GmbH. All rights reserved.
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Molecular divergence in mitochondrial DNA seque-
nces is increasingly used as an indicator of the species
status of populations (e.g. Bradley and Baker 2001).
However, signiﬁcant discordance between matrilineal
haplotype distribution and nuclear genetic relationshipsik. Published by Elsevier GmbH. All rights reserved.
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2003). Sharing of highly divergent haplotypes among
individuals of the same population is known for some
animals (Thomaz et al. 1996), and species in mitochon-
drial gene trees are remarkably often mapped as
paraphyletic or polyphyletic units (Avise 2000; Funk
and Omland 2003; see also Joger et al. 1998; Nagy et al.
2003b).
Completeness of lineage sorting and degree of
haplotype sharing vary widely among animal groups
(Avise 2000). Although the number of apparently
polyphyletic species in reptiles does not appear to be
particularly high as compared to other vertebrates
(Funk and Omland 2003), recent research has revealed
a number of striking cases of complex mitochondrial
variation among reptile populations that challenge
prevailing taxonomic schemes (e.g. Burbrink et al.
2000; Nagy et al. 2002; Harris et al. 2003, 2004). So
far, most of the comprehensive phylogeographic studies
in reptiles have focused on species from temperate areas,
whereas widespread tropical species are less regularly
studied. Reptile populations in Madagascar are less
disturbed by recent anthropogenic inﬂuence than in
Europe or North America where much translocation has
taken place. As a consequence, the risk of artefacts
caused by non-indigenous species or populations is
lower.
Among tropical biota, those of Madagascar are
especially suitable for studies on speciation and adaptive
radiation because they contain several endemic radia-
tions that have evolved in isolation and are sufﬁciently
species-rich to permit statistical comparisons of evolu-
tionary patterns once sufﬁcient information is available.
Analyses of phylogeography and genetic differentiation
of the Malagasy radiations in various groups of
organisms will contribute to establish Madagascar as a
model region for the understanding of mechanisms of
adaptive radiation and speciation, and for the factors
leading to different rates of molecular evolution among
clades.
The colubrid snakes of Madagascar, with the excep-
tion of the genus Mimophis Gu¨nther, constitute one of
those speciose radiations. According to recent molecular
data, it originated most probably in the upper Oligocene
(Nagy et al. 2003a). Several of the ca. 18 known
Malagasy colubrid genera have been reviewed in the
past decade (e.g. Raxworthy and Nussbaum 1994;
Cadle 1996a, b, 1999; Ziegler et al. 1997; Andreone
and Raxworthy 1998; Nussbaum and Raxworthy
2000). The genus Madagascarophis Mertens, 1952
has been revised by Domergue (1987), who added
two new species (M. ocellatus, M. meridionalis) to the
original two (M. colubrinus, M. citrinus), and divided
M. colubrinus into ﬁve subspecies. The status of
M. citrinus, described from Nosy Be in north-western
Madagascar, remained uncertain. It was thought tooccur syntopically with M. colubrinus insularis Domer-
gue, and the two taxa to differ only by yellow
(M. citrinus) versus brown-grey colour (Glaw and
Vences 1994). While M. ocellatus has been diagnosed
by differences in genital morphology and reportedly
occurs sympatrically with M. meridionalis, all other taxa
distinguished by Domergue (1987) have similar hemi-
penial structures and are distributed in allopatry.
Here, we present data on differentiation of mitochon-
drial and nuclear DNA sequences as well as ISSR
genetic ﬁngerprints of Madagascarophis specimens
from most of the range of the genus. Our results
indicate discordance between several morphological–
chromatic characters and haplotype lineages at
shallow phylogenetic levels. These results challenge
current species deﬁnitions in the genus, and demonstrate
the existence of divergent conspeciﬁc mitochondrial
haplotypes.
Material and methods
Sampling of material
The pseudoxyrhophiine (Serpentes: Colubridae sensu
lato) genusMadagascarophis is one of the most common
representatives of the endemic Malagasy serpent fauna
(Glaw and Vences 1994). It comprises medium-sized,
mainly nocturnal or crepuscular snakes which are easily
recognised by their vertical pupils and typical dorsal
patterns. They are widespread in Madagascar (Fig. 1),
and often observed close to human settlements. Speci-
mens of Madagascarophis were collected and examined
from wide ranges of its distribution (Figs. 1 and 2), with
special regard to the northern parts of Madagascar. We
included samples assignable to all species and subspe-
cies, except for M. ocellatus and M. colubrinus pasto-
riensis Domergue. Data on the analysed samples are
summarised in Table 1. The pseudoxyrhophiine snake
species Langaha madagascariensis Bonnaterre was used
as the outgroup for tree rooting (for its relation to
Madagascarophis, see Nagy et al. 2003a).
Laboratory procedures
Tissue samples removed for genetic analyses were
stored in 70–96% ethanol. A standard method for
isolating total genomic DNA was used (Sambrook et al.
1989). Three marker genes showing different evolution-
ary and functional characteristics were chosen and
ampliﬁed in polymerase chain reactions (PCR):(1) the complete sequence of the mitochondrial cyto-
chrome b (cyt b) gene (1114 bp including a terminal
‘T’), ampliﬁed with primers L14910, L14919, and
H16064 (Burbrink et al. 2000; modiﬁed by de
Queiroz et al. 2002), and sequenced with L14903
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Fig. 2. Collecting localities of Madagascarophis specimens
studied. Symbols mark different clades as identiﬁed by
phylogenetic analysis of mitochondrial sequences (Fig. 3).
Localities — 1: Montagne des Franc¸ais; 2: Ankarana; 3: Nosy
Be; 4: Benavony; 5: Tsaratanana; 6: Manongarivo; 7:
Ambanja-Maromandia; 8: Berara; 9: Andranofotsy; 10:
Ankarafantsika; 11: Antoetra; 12: Ranomafana; 13: Andringi-
tra; 14: Isalo; 15: Ifaty.
Fig. 1. Approximate distribution of Madagascarophis species
and subspecies according to Domergue (1987). Dotted line
delimits approximate area of M. ocellatus, in which the latter
occurs sympatrically with M. meridionalis.
Z.T. Nagy et al. / Organisms, Diversity & Evolution 7 (2007) 241–251 243(a 50 end of L14910), L-410, H-391 (Nagy et al.
2003a);(2) part of the mitochondrial 16S rRNA gene (513 bp
aligned), using primers 16SA and 16SB (Palumbi
et al. 1991);(3) an exon fragment of the nuclear c-mos gene (570 bp),
ampliﬁed and sequenced with the primers S77 and
S78 (Lawson et al. 2005).Clean-up of PCR products, cycle sequencing reaction
and sequencing were performed following manufac-
turers’ instructions. For detection of DNA sequences,
the automatic capillary sequencers ABI Prism Genetic
Analyzer 310 and 3100 (Applied Biosystems) were
used.
In addition, a genetic ﬁngerprinting method, ISSR-
PCR (inter simple sequence repeats), was performed for
comparison with results obtained by DNA sequencing.
This method uses microsatellite sequences as single
primers to amplify various fragments of DNA located
between microsatellites. Based on previous attempts at
ﬁnding appropriate candidates in colubrid snakes (Nagy
et al. 2002), the PCR primers (GACA)4 and (GAA)5
were used to generate multiband ﬁngerprints. Reactions
were carried out according to the protocol of Wink et al.
(2001). PCR products were separated on high-resolution
polyacrylamide gel, and detected and visualised auto-
radiographically. Fingerprint patterns were evaluated
manually.
Phylogenetic reconstruction
DNA sequences were validated and corrected for
sequencing errors and for stop codons in protein-coding
genes. The latter sequences were aligned manually,
whereas 16S rRNA sequences were aligned using the
multiple alignment algorithm implemented in ClustalX
1.81 (Thompson et al. 1997). The incongruence length
difference (ILD) test – known as the partition homo-
geneity test in PAUP* 4.0b10 (Swofford 2002) – was
performed for the combined set of cytochrome b and
16S rRNA sequences, after the exclusion of constant
sites. This test used heuristic searches with 1000
replicates. The P-value of 0.837 failed to reject the null
hypothesis of congruence between the genes, thus – in
addition to the single gene analyses – combined analyses
were performed. Therefore, under maximum parsimony
and maximum likelihood criteria, heuristic searches
were conducted with 16S (MP: 25 of 513 nucleotides
parsimony informative) and cyt b (225 of 1114 nucleo-
tides parsimony informative) sequences separately as
well as combined.
To infer phylogenies, maximum parsimony (MP) and
maximum likelihood (ML) analyses using heuristic
searches were carried out with PAUP* 4.0b10, as well
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Table 1. Madagascarophis samples analysed, including collection numbers and provenance of voucher specimens, main external
morphological characters, and GenBank accession nos. of marker-gene sequences
Voucher Locality Sex Clade Scales Colour Tail tip GenBank accession nos.
Dorsal Ventral 16S cyt b c-mos
MV 2001.1249
(UADBA)
Nosy Be ? A – – – – AY586206 AY586243 –
ZSM 603/2003 Manongarivo M A 25 197 Uniform grey White AY586211 AY586248 –
ZSM 240/2002 Nosy Be
(Andranobe)
? A 25 185 Uniform grey White AY586205 AY586242 –
MV 2001.1237
(UADBA)
Nosy Be
(Andranobe)
? A – – – – AY586204 AY586241 –
MV 2001.161
(UADBA)
Tsaratanana ? A – – – – AY586201 AY586238 –
ZSM 571/2001 Tsaratanana ? A 25 185 Light brown White with
black tip
AY586200 AY586237 –
ZSM 476/2000 Nosy Be M A 25 191 Uniform grey White with
black tip
AY586197 AY586234 AY586221
MRSN R1966 Anbanja-
Maromandia
? A 25 204 Yellow – AY586195 AY586232 –
ZSM 403/2000 Benavony ? A 25 188 Light brown White with
black tip
AY188067 AY188028 AY187989
MRSN R1838 Berara ? A 27 196 Yellow – AY586193 AY586230 AY586218
ZSM 238/2002 Andranofotsy M B 27 197 Brown – AY586198 AY586235 –
ZSM 572/2001 Ankarafantsika ? B 27 196 Dark brown White with
black tip
AY586202 AY586239 –
ZSM 602/2003 Ranomafana ? B 27 196 Light brown White AY586209 AY586246 AY586225
MV 2001.378
(UADBA)
Ankarafantsika ? B – – – – AY586199 AY586236 –
ZSM 239/2002 Nosy Be
(Andranobe)
? B 25 186 Yellow White AY586203 AY586240 AY586222
MRSN R1967 Berara ? B 25 197 Brown – AY586196 AY586233 AY586220
ZSM 549/2000 M. des
Franc¸ais
M C 27 201 Brown with
markings
– AY586194 AY586231 AY586219
ZSM 600/2003 Ankarana M D 27 204 Brown Normal AY586208 AY586245 AY586224
ZSM 601/2003 Ankarana M D 27 198 Light brown Black AY586210 AY586247 AY586226
FGMV 2002.585
(UADBA)
Ankarana ? D – – – – AY586214 AY586251 –
FGMV 2002.584
(UADBA)
Ankarana ? D – – – – AY586215 AY586252 –
FGMV 2002.3094
(UADBA)
Ankarana ? D – – – – AY586216 AY586253 –
ZSM 629/2000 Ifaty ? E 29 224 Light brown Normal AY188066 AY188027 AY187988
ZSM 604/2003 Isalo ? E 29 201 Grey with
markings
Normal AY586207 AY586244 AY586223
ZMA 19528 Antoetra ? E 27 187 Melanic Normal AY586212 AY586249 AY586227
ZSM 606/2003 Andringitra ? E 27 190 Grey with
markings
Normal AY586213 AY586250 AY586228
ZMA 19622 M. des
Franc¸ais
? F 29 187 Brown Normal AY586217 AY586254 AY586229
Abbreviations: ? ¼ sex unknown; FGMV ¼ F. Glaw & M. Vences ﬁeld number; M ¼ male; MRSN ¼ Museo Regionale di Scienze Naturali,
Torino; MV ¼ M. Vences ﬁeld number; UADBA ¼ Universite´ d’Antananarivo, De´partement de Biologie Animale (not yet catalogued); ZMA ¼
Zoo¨logisch Museum Amsterdam; ZSM ¼ Zoologische Staatssammlung Mu¨nchen. For most specimens, reliable morphological diagnosis and
assignment to one of Domergue’s subspecies was impossible; for geographic attribution of sample sites to subspecies, see Figs. 1 and 2.
Z.T. Nagy et al. / Organisms, Diversity & Evolution 7 (2007) 241–251244as Bayesian inference of phylogeny (BI) using MrBayes
3.0b4 (Huelsenbeck and Ronquist 2001). In MP
analyses, gaps were treated as ‘‘ﬁfth bases’’, and no
weighting scheme was used for the characters. For
likelihood methods, an appropriate model of nucleotidesubstitution was inferred with Modeltest 3.06 (Posada
and Crandall 1998) which uses hierarchical likelihood
ratio tests (hLRTs) and the Akaike information
criterion (AIC). With MP analyses, bootstrapping
(Felsenstein 1985) with 1000 replicates using heuristic
ARTICLE IN PRESS
Z.T. Nagy et al. / Organisms, Diversity & Evolution 7 (2007) 241–251 245searches was carried out to evaluate statistical
support for clades. In BI analysis, we ran four Markov
chains (MCMCMC) for one million generations simul-
taneously, and sampled every 100th generations. The
ﬁrst 500 of the 10,000 trees were ignored, and a
consensus was calculated based on the remaining 9500
trees.
Because of the very low genetic variation in the c-mos
nuclear marker (only 7 variable characters in the present
dataset), we used a distance-based reconstruction
method to build a dendrogram: the Kimura two-
parameter model (Kimura 1980), which differentiates
between transitions and transversions, in combina-
tion with the neighbour-joining (NJ) reconstruction
algorithm.Fig. 3. Maximum likelihood phylogram based on mitochondrial 1
Madagascarophis (TrN+I+G model of nucleotide substitution)
phylogenetic analysis. Node labels: number pairs ¼ bootstrap suppo
parsimony (1000 replicates) optimality criteria; asterisks indicate
Langaha madagascariensis as outgroup (not shown). For data on nuMorphological analyses
The available voucher specimens were studied mor-
phologically by assessing those scale counts and conﬁg-
urations that are known to be relevant in colubrid snake
taxonomy and that had been found to differ among
Madagascarophis species and subspecies by Domergue
(1987): (1) number of dorsal scale rows at midbody; (2)
number of ventral scales; (3) number of subcaudal
scales; (4) divided or undivided state of anal scale; (5)
number of supralabial scales; (6) number of infralabial
scales; (7) number of periocular scales. In addition, we
assessed (8) the general dorsal colouration, and (9) the
colour of the tail tip, which varies among some
Madagascarophis (Domergue 1987).6S rRNA and cytochrome b gene sequences in specimens of
. Capital letters at right mark major clades identiﬁed in
rt values under maximum likelihood (100 replicates)/maximum
Bayesian posterior probability 99–100%. Tree rooted with
mbered vouchers see Table 1.
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Phylogeny of Madagascarophis
For all ML analyses, the nucleotide substitution
model TrN+I+G was recommended by Modeltest.
All combined analyses of MP, ML, and BI were in very
good agreement and yielded practically the same
relationships. These results are summarised in Fig. 3.
Separate analyses (not shown) based on cyt b revealed
the same topology as found in the combined analyses;
separate 16S analyses supported the clades A+B+C,
D, E, and F, as represented in Fig. 3.
With M. ocellatus unavailable for molecular analysis,
the most basal representative of Madagascarophis is a
peculiar juvenile specimen (ZMA 19622) collected in
northernmost Madagascar. It stands at a considerable
distance from all other clades and could not be assigned
to any known species. When the sequence of this
specimen was added to a larger data set of pseudoxy-
rophiines, including two other Madagascarophis (from
Nagy et al. 2003a), these three sequences were always
grouped together in phylogenetic analyses (not shown).
Hence, based on mitochondrial as well as nuclear
markers, Madagascarophis appears to be monophyletic.
Within the genus, remarkable genetic variation was
found, in the form of several distinct genetic clades.
Some representatives of different clades occur sympa-
trically (see phylogeographic results). Both the analysis
with cyt b and 16S sequences separate (not shown) and
the combined analysis revealed clades A–F as repre-
sented in Fig. 3. Bootstrap analyses under maximum
parsimony criteria, and clade credibility values of
Bayesian inference supported this topology. Further-
more, these clades show internal genetic divergence
where distinct haplotype lineages can be observed.Fig. 4. Distance tree (NJ; Kimura two-parameter distances)
based on nuclear c-mos gene sequences in representative
samples of Madagascarophis. Capital letters at right mark
major mitochondrial clades (see Fig. 2). Tree rooted with
Langaha madagascariensis as outgroup (not shown).In contrast to the mitochondrial phylogeny, the less
variable nuclear c-mos gene did not distinguish between
clades A–D; they all show uniform sequence character-
istics (Fig. 4). Interestingly, two subgroups with
different c-mos sequences in clade E were observed.
This agrees with the mitochondrial gene phylogeny.
ISSR-PCR ﬁngerprints were made with the primers
(GAA)5 and (GACA)4, respectively. In the ﬁrst case,
some samples did not work well, and rather little
banding variation was observed, therefore these results
were not considered further. The ﬁngerprint pattern
produced by the (GACA)4 primer, separated on a
denaturing Sequagel matrix, is shown in Fig. 5. In
general, a number of clade-speciﬁc patterns can be
observed; these are marked with white frames in the
ﬁgure. However, exclusively characteristic patterns are
found only for clades E and F. All other clades (A–D)
share their clade-speciﬁc bands in various combinations:
e.g. A+B, C+D, or A+B+C+D.Fig. 5. ISSR-PCR genetic ﬁngerprint of Madagascarophis
specimens using (GACA)4 microsatellite primer. White frames
indicate group-speciﬁc banding patterns; arrows indicate
peculiar individual variations. Inset shows a neighbour joining
tree based on a 0/1 data matrix of clade-speciﬁc patterns.
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clades
Plotting the uncorrected divergences of the two
mitochondrial genes (Fig. 6) resulted in three distinct
clusters: (a) divergences within the major clades as
deﬁned above; (b) divergences among clades A, B, C,
and D; and (c) divergences among the cluster of clades
A–D and clades E and F. The uncorrected pairwise
differences within clades were 0–1.2% in the 16S rRNA
gene and 0–3.6% in the cytochrome b gene. Haplotypes
of different clades shared by the populations of Nosy Be
and Berara differed by 1.2–1.4% (16S) and 5.0–5.2%
(cyt b). Between-clade differences were 0.8–2.0% (16S)
and 4.8–7.1% (cyt b) among clades A, B, C and D, and
2.4–5.0% (16S) and 11.0–13.6% (cyt b) among clades
(A–D), E, and F.Phylogeography
Correlating the haplotype clades with the geographic
provenance of the corresponding Madagascarophis
individuals reveals that representatives of clade A and
B, and of clade C and F, occur in sympatry. Both at
Berara and at Nosy Be, individuals of clades A and B
occurred. In the two cases, they were captured in
immediate syntopy within a range of a few hundred
metres in the same period.
The second instance of sympatry occurs in the
Montagne des Franc¸ais, an isolated calcareous massif
in extreme northern Madagascar. The two individuals
from this area formed clades C and F.
While some of the haplotype clades seem to occupy
restricted ranges, especially in northern MadagascarFig. 6. Scatterplot of uncorrected pairwise divergences among
Madagascarophis samples studied in the 16S rRNA and
cytochrome b genes. Encircled areas group divergences, from
bottom left: within each of the clades deﬁned in Fig. 3, among
putatively conspeciﬁc individuals belonging to clades A, B, C,
or D, and among individuals belonging to clades A–D, E, or F
that are considered to represent three separate species.(clades C, D, and F seem to be restricted to the
Montagne des Franc¸ais and Ankarana massifs), others
were found across large areas. This is especially true for
clade B which comprised specimens from eastern
and north-western Madagascar, and for clade E which
is widespread in south-western and central-southern
Madagascar. However, while the haplotypes in clade
B were very similar to each other, even between the
localities Ankarafantsika and Ranomafana which are
about 560 km apart, the four individuals grouped in
clade E had relatively divergent haplotypes.Morphology
Of the nine morphological and chromatic characters
assessed, we discarded the number of subcaudals
because many specimens had a mutilated tail, either
naturally or as a result of tissue sampling for genetic
analysis. One character was invariable: the anal scale
was divided in all specimens. Three further characters,
the numbers of supralabials, infralabials, and periocu-
lars, showed no relevant variation and are therefore not
analysed in detail here: all specimens had 8 supralabials,
except for one individual from Berara (MRSN R1967)
which had 7 supralabials on the left side of the head and
6 on the right side, and for the specimen from Antoetra
which had 9 supralabials. Infralabials also showed no
relevant variation, with values of 10–11 present in
representatives of all clades, and 12–13 occurring in all
but clade B. The number of perioculars was 8–9 in all
specimens except one individual from Ankarana (ZSM
600/2003) that had 10.
While specimens from most southern localities (11,
13–15) had high numbers of dorsals and were lacking a
white tail tip, characteristic of Madagascarophis meri-
dionalis, most of the other specimens could not be
morphologically diagnosed as clearly belonging to one
of the subspecies of M. colubrinus described by
Domergue (1987). Important variation was found in
the dorsal and ventral scale counts, and in colouration
(Table 1). The differences were not consistent among
genetic clades. Clade A is characterised by 25 dorsal
scales, with one individual from Berara (MRSN R1838)
having 27. In most other clades, there are 25–27 dorsals,
but clades E and F comprise individuals with 29 dorsals.
Ventral scales range from 185 to 224, but without any
clear association to the genetic clades (Table 1).
Clades A, B, and D contained yellowish and brown-
greyish coloured specimens. At Nosy Be, Ankarana, and
Berara, these colour morphs co-exist. This leads to the
superﬁcial impression that two syntopic species are
involved. The genetically most divergent specimen
(constituting haplotype clade F) did not show any
conspicuous morphological or chromatic feature except
for its 29 rows of dorsal scales.
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Nuclear versus mitochondrial markers
Comparison of the mitochondrial (cytochrome b, 16S
rRNA) and nuclear (c-mos, ISSR ﬁngerprinting) mar-
kers provides novel insight into patterns of geographic
variation and species boundaries in Madagascarophis.
The mitochondrial data deﬁned six major haplotype
clades. Also among some of the less differentiated
clades, chromatic differences were found, e.g., the lack
of a white tail tip in clade D as compared to clades A
and B. It could be hypothesised that these six clades
represent six distinct species. The lack of distinct genital
(Domergue 1987) and meristic differences (Table 1), and
the complex pattern including syntopic occurrence of
different colour morphs and of different haplotypes cast
doubt on such an interpretation, but do not allow for its
rejection.
Combination with the results from the nuclear data
permits more deﬁnitive conclusions. Both c-mos analysis
and ISSR ﬁngerprinting suggest the presence of only
three distinct clusters within our samples, one corre-
sponding to clades A–D, one to clade E, and one to
clade F. Because of the few substitutions identiﬁed in the
c-mos sequences, the results from this gene could also be
interpreted as due to insufﬁcient resolution among the
younger clades or species. The ISSR ﬁngerprinting
results, however, revealed extensive sharing of bands
among clades A–D which suggests relatively substantial
gene ﬂow, in agreement with the hypothesis that these
four clades may be conspeciﬁc.
Based on the differences in c-mos and ISSR ﬁnger-
printing, clades E and F are best considered as distinct
species, which is in agreement with the morphological
differences of clade E (higher number of dorsals) and its
speciﬁc status as M. meridionalis advocated by Domer-
gue (1987). We consider it as most likely that clades A–
D represent a single species, and refer to the protocol for
species delimitation proposed by Wiens and Penkrot
(2002). Deﬁning clades A–D as the focal species, we
ﬁnd (1) exclusive haplotypes relative to the non-focal
species (clade E) and (2) gene ﬂow between basal
lineages of the focal species, which corroborates the
deﬁnition of the focal species as one single species
(Wiens and Penkrot 2002). We are aware, however, that
sample size and geographic coverage of our sampling is
limited, and that future studies may challenge the above
conclusions.Classiﬁcation and biogeography
Leaving aside Madagascarophis ocellatus which was
not included in our sampling, we interpret our samples
to correspond to two described and one undescribedspecies of Madagascarophis. The most inclusive taxon is
M. colubrinus, corresponding to clade A+B+C+D.
This species was considered by Domergue (1987) as
widespread and polytypic, but the genetic results
presented here only partially correspond to that author’s
subspeciﬁc distinctions. In the context of Domergue’s
(1987) classiﬁcation, the individuals belonging to the
east-coast subspecies M.c. colubrinus (Andronofotsy
near Maroantsetra and Ranomafana) have haplotypes
similar to the individual of M.c. occidentalis Domergue,
1987 (Ankarafantsika), indicating that M.c. occidentalis
might be a junior synonym of M.c. colubrinus. Further-
more, the identiﬁcation key of Domergue (1987) does
not allow for any distinction between the two subspecies
based on scale counts (the only difference being melanic
colouration inM.c. occidentalis versus ‘normal’ coloura-
tion in M.c. colubrinus).
Clades C and D from Ankarana and Montagne des
Franc¸ais correspond to the subspecies M.c. septentrio-
nalis Domergue, 1987. Clade A (including the two clade
B specimens from Nosy Be and Berara) is assignable to
the subspecies M.c. insularis. However, the fact that
both clades A and B contain greyish specimens
assignable to M.c. insularis as well as yellowish speci-
mens assignable to M. citrinus, which was considered as
full species by Domergue (1987), provides compelling
evidence that these two taxa are synonyms. Therefore,
we propose the following new synonymy: M. citrinus
(Boettger, 1877) is a junior synonym of M. colubrinus
(Schlegel, 1837), and a senior synonym of M.c. insularis
Domergue, 1987. If a subspeciﬁc name is given to these
northwestern populations, the proper one is Madagas-
carophis colubrinus citrinus (Boettger, 1877). A recogni-
tion of subspeciﬁc units may be justiﬁed, considering
that some chromatic and meristic characters are typical
for particular clades. A white tail tip, sometimes with
black at the extreme apex, characterises clades A and B
but not C and D. Dorsal and ventral colour is often
polymorphic (yellow or dark) at north-western localities
(clades A, B, and D). Madagascarophis c. pastoriensis
(type locality: lac Mandroseza, near Antananarivo) was
not included in our study; its status therefore cannot be
evaluated with current data.
Populations from the southern clade (E) are char-
acterised by a high number of dorsals and absence of a
white tail tip, and correspond to M. meridionalis. This
taxon was described as a distinct species by Domergue
(1987), a conclusion supported by our data. The data
presented here expand considerably the distribution
range of M. meridionalis by its discovery at Andringitra
and Antoetra, where it comes close to the distribution
area of M. colubrinus, which is present at Ranomafana.
However, these highland areas are also characterised by
the presence of other reptiles otherwise typical for the
arid south-west: Acrantophis dumerili at Antoetra
(Vences and Glaw 2003), Trachylepis vato at Andringitra,
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(M. Vences and F. Andreone, personal observation 2004).
M. meridionalis shows no potentially species-speciﬁc
differences in genital morphology from M. colubrinus
(Domergue, 1987). Nevertheless, the apparent absence
of gene ﬂow between these two taxa, despite their
neighbouring distribution areas in the Ranomafana–
Andringitra–Antoetra region, corroborates the status of
M. meridionalis as a separate species.
One specimen from Montagne des Franc¸ais exhibits
strong genetic divergence in all mitochondrial and
nuclear markers. This juvenile individual has no distinct
morphological features except for its 29 rows of dorsals;
its hemipenial characters cannot be assessed because of
immaturity. Nevertheless, we are convinced that this
individual represents a new species possibly endemic to
northern Madagascar. The Montagne des Franc¸ais area
has recently yielded a number of remarkable discoveries
of apparently endemic reptiles, among them a new
species of gecko (Paroedura) and two new species of
colubrid snakes (Heteroliodon and Liopholidophis)
(Glaw et al. 2001, 2005a, b).Haplotype sharing and genetic assessment of species
boundaries
Our study provides compelling evidence for the
sharing of relatively highly differentiated mitochondrial
haplotypes (divergence up to 1.4% for 16S rRNA, 5.2%
for cytochrome b) within some populations of Mada-
gascarophis colubrinus (Nosy Be and Berara). This may
be explained by secondary introgression and genetic
admixture among previously isolated populations and
subspecies, but alternative hypotheses cannot be ex-
cluded without more dense sampling. Two instances of
such deep haplotype sharing were detected despite a
relatively low sample size analysed (a total of 27
Madagascarophis individuals only). In an analysis of
several hundreds of sequences of mantellid frogs from
Madagascar, only one instance of unambiguous inter-
speciﬁc haplotype sharing was detected (between Man-
tella aurantiaca andM. crocea, in two populations of the
former species; up to 6.1% pairwise cytochrome b
divergence; Chiari et al. 2004; Vences et al. 2004). A
more comprehensive data set for various Malagasy
reptile and amphibian species is necessary to ascertain
whether there are real fundamental differences between
the phylogeographic patterns in these two groups, for
instance related to a putatively higher mobility of
generalist reptile species.
According to our data, pairwise divergences among
the three Madagascarophis species recognised are 2.4–
5.0% in the 16S rRNA gene and 11.0–13.6% in the
cytochrome b gene, whereas the various clades within
one species,M. colubrinus, differ by pairwise divergencesof up to 2.0% in the 16S rRNA gene and up to 7.1% in
the cytochrome b gene. Particularly the latter value is
rather high and cautions against the uncritical use of
mitochondrial sequence divergences for species delimi-
tations.
Especially for quick assessments of cryptic diversity in
tropical environments, it would be most useful to deﬁne
standard molecular markers which can be obtained from
non-frozen tissue samples using standardised high-
throughput protocols, a process that has gained atten-
tion recently under the terms DNA barcoding (Hebert
et al. 2003) or DNA taxonomy (Tautz et al. 2003). Floyd
et al. (2002) and Blaxter (2004) proposed the term
Molecular Operational Taxonomic Unit (MOTU) for
clusters of individuals with similar DNA barcodes.
However, it needs to be emphasised that such MOTUs
do not necessarily represent species, even if highly
divergent as in our study. Additional characters such as
nuclear markers, morphology, or the study of hybrid
zones need to be taken into account (Wiens and Penkrot
2002), especially if conclusions are to be formalised by
description of new taxa.Acknowledgements
We are grateful to Gennaro Aprea, Gerardo Garcı´a,
Fabio Mattioli, Marta Puente, Liliane Raharivololo-
niaina, Jasmin E. Randrianirina, Augustin Sarovy,
Kathrin Glaw, and David R. Vieites who accompanied
us during ﬁeldwork. Marit Heinen and Hanneke van
Bree performed the morphological analyses in colla-
boration with M. Vences. We are indebted to Hedwig
Sauer-Gu¨rth for her laboratory assistance. Samples were
collected in the framework of various collaboration
accords between the Departement de Biologie Animale,
Universite´ d’Antananarivo, the Parc Botanique et
Zoologique de Tsimbazaza, Antananarivo, the Insititute
of Biodiversity and Ecosystem Dynamics, University of
Amsterdam, the Museo Regionale di Scienze Naturali,
Torino, and the Zoologische Staatssammlung Mu¨nchen.
We are grateful to the Malagasy authorities for research
and export permits. This work was supported by grants
from the Deutscher Akademischer Austauschdienst and
the Deutsche Forschungsgemeinschaft.References
Andreone, F., Raxworthy, C.J., 1998. The colubrid snake
Brygophis coulangesi (Domergue, 1988) rediscovered in
north-eastern Madagascar. Trop. Zool. 11, 249–257.
Avise, J.C., 2000. Phylogeography. The History and Forma-
tion of Species. Harvard University Press, Cambridge.
Blaxter, M.L., 2004. The promise of a DNA taxonomy. Philos.
Trans. R. Soc. B 359, 669–679.
ARTICLE IN PRESS
Z.T. Nagy et al. / Organisms, Diversity & Evolution 7 (2007) 241–251250Bradley, R.D., Baker, R.J., 2001. A test of the genetic species
concept: cytochrome b sequences and mammals. J. Mam-
mal. 82, 960–973.
Burbrink, F.T., Lawson, R., Slowinski, J.B., 2000. Mitochon-
drial DNA phylogeography of the polytypic North Amer-
ican ratsnake (Elaphe obsoleta): a critique of the subspecies
concept. Evolution 54, 2107–2118.
Cadle, J.E., 1996a. Snakes of the genus Liopholidophis
(Colubridae) from eastern Madagascar: new species, revi-
sionary notes, and an estimate of phylogeny. Bull. Mus.
Comp. Zool. 154, 369–464.
Cadle, J.E., 1996b. Systematics of snakes of the genus
Geodipsas (Colubridae) from Madagascar, with descrip-
tions of new species and observations on natural history.
Bull. Mus. Comp. Zool. 155, 33–87.
Cadle, J.E., 1999. The dentition, systematics, and phylogeny of
Pseudoxyrhopus and related genera from Madagascar
(Serpentes: Colubridae), with description of a new species
and a new genus. Bull. Mus. Comp. Zool. 155, 381–443.
Chiari, Y., Vences, M., Vieites, D.R., Rabemananjara, F.,
Bora, P., Ramilijaona Ravoahangimalala, O., Mexer, A.,
2004. New evidence for parallel evolution of colour patterns
in Malagasy poison frogs (Mantella). Mol. Ecol. 13, 3763–
3774.
de Queiroz, A., Lawson, R., Lemos-Espinal, J.A., 2002.
Phylogenetic relationships of North American garter
snakes (Thamnophis) based on four mitochondrial genes:
how much DNA sequence is enough? Mol. Phylogenet.
Evol. 22, 315–329.
Domergue, C.A., 1987. Notes sur les serpents de la re´gion
malgache. VII. Re´vision du genre Madagascarophis
Mertens, 1952. Bull. Mus. Natl. Hist. Nat., Se´r. 4 9, 455–
489.
Felsenstein, J., 1985. Conﬁdence limits on phylogenies: an
approach using the bootstrap. Evolution 39, 783–791.
Floyd, R., Eyualem, A., Papert, A., Blaxter, M.L., 2002.
Molecular barcodes for soil nematode identiﬁcation. Mol.
Ecol. 11, 839–850.
Funk, D.J., Omland, K.E., 2003. Species-level paraphyly and
polyphyly: frequency, causes and consequences, with in-
sights from animal mitochondrial DNA. Annu. Rev. Ecol.
Syst. 34, 397–423.
Glaw, F., Vences, M., 1994. A Fieldguide to the Amphibians
and Reptiles of Madagascar, 2nd ed. Vences & Glaw
Verlag, Cologne.
Glaw, F., Vences, M., Schmidt, K., 2001. A new species of
Paroedura Gu¨nther from northern Madagascar (Reptilia,
Squamata, Gekkonidae). Spixiana 24, 249–256.
Glaw, F., Franzen, M., Vences, M., 2005a. A new species of
colubrid snake (Liopholidophis) from northern Madagascar.
Salamandra 41, 83–90.
Glaw, F., Vences, M., Nussbaum, R.A., 2005b. A new species
of Heteroliodon (Reptilia: Squamata: Colubridae) from
Montagne des Franc¸ais, far northern Madagascar. Herpe-
tologica 61, 275–280.
Harris, D.J., Carretero, M.A., Perera, A., Pe´rez-Mellado, V.,
Ferrand, N., 2003. Complex patterns of genetic diversity
within Lacerta (Teira) perspicillata: preliminary evidence
from 12S rRNA sequence data. Amphibia–Reptilia 24,
386–390.Harris, D.J., Batista, V., Lymberakis, P., Carretero, M.A.,
2004. Complex estimates of evolutionary relationships in
Tarentola mauritanica (Reptilia: Gekkonidae) derived from
mitochondrial DNA sequences. Mol. Phylogenet. Evol. 30,
855–859.
Hebert, P.D.N., Cywinska, A., Ball, S.L., de Waard, J.R.,
2003. Biological identiﬁcation through DNA barcodes.
Proc. R. Soc. Lond. B 270, 313–321.
Huelsenbeck, J.P., Ronquist, F., 2001. MrBayes: Bayesian
inference of phylogenetic trees. Bioinformatics 17, 754–755.
Joger, U., Amann, T., Lenk, P., Willand, U., 1998. Molekulare
Merkmale und das phylogenetische Artkonzept. Zool. Abh.
Staatl. Mus. Tierk. 50 (Suppl.), 109–123.
Kimura, M., 1980. A simple method for estimating evolu-
tionary rate of base substitution through comparative
studies of nucleotide sequences. J. Mol. Evol. 16, 111–120.
Lawson, R., Slowinski, J.B., Crother, B.I., Burbrink, F.T.,
2005. Phylogeny of the Colubroidea (Serpentes): new
evidence from mitochondrial and nuclear genes. Mol.
Phylogenet. Evol. 37, 581–601.
Monsen, K.J., Blouin, M.S., 2003. Genetic structure in a
montane ranid frog: restricted gene ﬂow and nuclear–
mitochondrial discordance. Mol. Ecol. 12, 3275–3286.
Nagy, Z.T., Joger, U., Guicking, D., Wink, M., 2002.
Phylogeography of the European Whip Snake, Coluber
(Hierophis) viridiflavus as inferred from nucleotide se-
quences of the mitochondrial cytochrome b gene and ISSR
genomic ﬁngerprinting. Biota 3, 109–118.
Nagy, Z.T., Joger, U., Wink, M., Glaw, F., Vences, M., 2003a.
Multiple colonization of Madagascar and Socotra by
colubrid snakes: evidence from nuclear and mitochondrial
gene phylogenies. Proc. R. Soc. Lond. B 270, 2613–2621.
Nagy, Z.T., Schmidtler, J.F., Joger, U., Wink, M., 2003b.
Systematik der Zwergnattern (Reptilia: Colubridae: Eire-
nis) und verwandter Gruppen anhand von DNA-Sequenzen
und morphologischen Daten. Salamandra 39, 149–168.
Nussbaum, R.A., Raxworthy, C.J., 2000. Revision of the
Madagascan snake genus Heteroliodon Boettger (Reptilia:
Squamata: Colubridae). Herpetologica 56, 489–499.
Palumbi, S.R., Martin, A., Romano, S., McMillan, W.O.,
Stice, L., Grabowski, G., 1991. The Simple Fool’s Guide to
PCR, Version 2.0. Privately Published, Department of
Zoology, University of Hawaii, Honolulu.
Posada, D., Crandall, K.A., 1998. Modeltest: testing the model
of DNA substitution. Bioinformatics 14, 817–818.
Raxworthy, C.J., Nussbaum, R.A., 1994. A review of the
Madagascan snake genera Pseudoxyrhopus, Pararhadinaea,
and Heteroliodon (Squamata: Colubridae), 182. Misc.
Publ., Mus. Zool., Univ. Michigan, pp. 1–37.
Sambrook, J., Fritsch, E.F., Maniatis, T., 1989. Molecular
Cloning: A Laboratory Manual, second ed. Cold Spring
Harbor Laboratory Press, New York.
Shaw, K.L., 2002. Conﬂict between nuclear and mitochondrial
DNA phylogenies of a recent species radiation: what
mtDNA reveals and conceals about modes of speciation
in Hawaiian crickets. Proc. Natl. Acad. Sci. USA 99,
16122–16127.
Swofford, D.L., 2002. PAUP*. Phylogenetic Analysis Using
Parsimony (*and Other Methods), Version 4b10. Sinauer
Associates, Sunderland, MA.
ARTICLE IN PRESS
Z.T. Nagy et al. / Organisms, Diversity & Evolution 7 (2007) 241–251 251Tautz, D., Arctander, P., Minelli, A., Thomas, R.H., Vogler,
A.P., 2003. A plea for DNA taxonomy. Trends Ecol. Evol.
18, 70–74.
Thomaz, D., Guiller, A., Clarke, B., 1996. Extreme divergence
of mitochondrial DNA within species of pulmonate land
snails. Proc. R. Soc. Lond. B 263, 363–368.
Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F.,
Higgins, D.G., 1997. The ClustalX windows interface:
ﬂexible strategies for multiple sequence alignment aided by
quality analysis tools. Nucl. Acids Res. 24, 4876–4882.
Vences, M., Glaw, F., 2003. Phylogeography, systematics and
conservation status of boid snakes from Madagascar
(Sanzinia and Acrantophis). Salamandra 39, 181–206.
Vences, M., Chiari, Y., Raharivololoniaina, L., Meyer, A.,
2004. High mitochondrial diversity within and amongpopulations of Malagasy poison frogs. Mol. Phylogenet.
Evol. 30, 295–307.
Wiens, J.J., Penkrot, T.A., 2002. Delimiting species using
DNA and morphological variation and discordant
species limits in spiny lizards (Sceloporus). Syst. Biol. 51,
69–91.
Wink, M., Guicking, D., Fritz, U., 2001. Molecular evidence
for hybrid origin of Mauremys iversoni Pritchard et
McCord, 1991, and Mauremys pritchardi McCord, 1997
(Reptilia: Testudines: Bataguridae). Zool. Abh. Staatl.
Mus. Tierk. 51, 41–49.
Ziegler, T., Vences, M., Glaw, F., Bo¨hme, W., 1997. Genital
morphology and systematics of Geodipsas (Reptilia: Ser-
pentes: Colubridae), with description of a new genus. Rev.
Suisse Zool. 104, 95–114.
